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CMS )
Outline

HL-LHC

= Cost — Basis of Estimate (BoE)
= Schedule - Resource loaded schedule (RLS)
* Risk — Analysis and contingency

= Summary

Does the conceptual design report and supporting documentation
adequately justify the stated cost range and project duration?

Charge #3

Does the proposed project team have adequate management
Cha rge #5 experience, design skills and laboratory support to produce a
credible technical, cost, and schedule baseline?

Is the documentation required by DOE 0413.3b for CD-1 approval
complete and in good order?

Charge #7
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2 Charge #5

Lucas Taylor — Biographical sketch

HL-LHC

Current roles

= Associate Project Manager, HL-LHC CMS Upgrades
» Focusing on cost, schedule and risk

= Fermilab Risk Manager and PIP-ll Risk Manager
= |Lab-wide Enterprise, Operations and Project Risk
» Risk Register, MC analysis, workshops, reviews

Background
= Deputy Project Manager, CMS Phase 1 Upgrades

= CMS management roles
= CMS Head of Communications

= Collaboration Board Secretary
= Member of CMS CB, MB, FB
= CMS Computing & Offline: Deputy PM, Resource Manager, Technical Coordinator

= Project Management Professional (PMP) since 2005

= PhD Particle Physicist with CMS, L3, Pierre Auger Observatory, UA1
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Cost Basis of Estimate
(BoE)
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HL-LHC

y

Cost

Estimation
* Elucidate project scope
* Solicit vendor information
* Estimate direct M&S costs
* Estimate costed labor
* Estimate scientific labor

Index of 52 BoEs in DocDB

WBS Dictionary CMS-doc-13213
Key Assumptions CMS-doc-12919
Labor rates w/ OH & fringe CMS-doc-13284
Institute F&A rates CMS-doc-13272

Schedule

Development
* Define work activities

'—> * Build schedule logic ’—»

* Load labor and M&S resources
* Optimize schedule
* Define milestones

Primavera P6 Gantt CMS-doc-13245

Cost, schedule and risk documents

Charge #3, #7

y

Risk
Assessment
* |dentify risks
« Estimate probability & impacts
* Plan risk mitigations & responses
* Perform stochastic MC analysis
-> cost & schedule contingency

Risk Register CMS-doc-13480

incl. vendor information Milestones CMS-doc-13321 Risk Analysis CMS-doc-13481
https://go.usa.gov/xQ3JX Cost book CMS-doc-13215
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https://go.usa.gov/xQ3JX

HL-LHC

EZ Updates since the DOE IPR (June 2018)

Timing Layer bottom-up cost estimate and RLS -> Charge
Aligned project schedule to latest iCMS schedule - Charge

Updated resource estimates (vendor quotes, labor estimates)

Updated all resource rates in BoEs, P6, Cobra, risk analysis
= Fully-burdened labor rates for institutes - CMS-doc-13284

= |nstitute F&A indirect rates - CMS-doc-13272
= Escalation rates for M&S and labor - CMS-doc-13481
= Foreign exchange rates - CMS-doc-13481

Updated RLS to reflect progress - recovered contingency
Reviewed and updated all risks and added new MTD risks

was S165M at

Scrubbed RLS to fit funding guidance of $162.05M PR, June 2018
|dentified $5.11M of new downscope options - Charge
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HL-LHC

CMS ) : “ ions”
Ez Cost Basis of Estimate (BoE) by P o

= Costs are estimated bottom-up by L2s, L3s, CAMs based
on actual costs, vendor quotes and labor estimates from

recent work or Phase 1 Charge #3

» BoEs describe the full work scope, key quantities, and
cost estimates with supporting documents (e.g. vendor
quotes), for the foIIowing BoE index: https://go.usa.gov/xQ3JX
= M&S $: Hardware, travel, COLA, teaching buyouts, shipping
= Labor hours: Technical labor (costed & scientific) & project office

= Costs were reviewed and scrubbed (value engineering)

= BoEs serve as input to build P6 resource-loaded schedule
» P6 applies the institute indirect costs, labor rates and escalation
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M&S Costs “Key Assumptions”

CMS-doc-12919

HL-LHC

M&S ($)

Direct M&S Indlrect 1 + Escalation \No. years
cost ($) rate (%) per yr (%)

Sum over
activities

= Direct M&S costs expressed in base year $ (e.g. FY199%)
= Standard guidance for travel and cost of living at CERN 2> CMS-doc-13353
= Foreign costs expressed in $ using standard exchange rates
Risk RU-402-1-01-D: Future exchange rates ($36.0M in foreign costs)

» Indirect facilities and administration (“F&A”) rates > CMS-doc-13272
= Collected from all institutes and applied in P6 / Cobra
Risk RU-402-1-03-D: Future indirect rates (esp. $568.6M costs at Fermilab)

= Escalation is applied in P6 / Cobra to allow for inflation > CMS-doc-13481
= OMB guidance, US Bureau of Labor Statistics, Office of Fermilab CFO
» 2.0% for M&S and 3.2% for Labor
Risk RU-402-1-02-D: Uncertainty in future escalation rates
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“Key Assumptions”

Labor Costs CMS-doc-12919

HL-LHC

_ Number Hourly rate Indirect Escalation \No. years
Labor ($) - § of hours 2 w/ fringe ($) 2 (1+rate (%)) 2 (1+ per yr (%)

Sum over

activities

= Number of labor hours is assigned per P6 activity, per labor
resource — by institute, job function and level

* Risks RT-402-n-90-D (n=1,2,4,6,8): Key personnel need to be replaced

= Hourly rates (fully burdened) per labor resource were obtained from
institutes and entered into P6 and Cobra - CMS-doc-13284

= Contributed (scientific) labor needs are also included in P6
» Faculty, physics postdocs and graduate students
* Risks RT-402-n-91-D (n=2,4,6,8): Contributed labor is unavailable

DOE CD-1 Review Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019 9



CMS “Key Assumptions”

| Cost Estimate Uncertainty (EU) Ve

HL-LHC

= Cost estimates have intrinsic

U n Ce rta I n ty d U e tO d eS I g n Estimate Mean estimate uncertainty
Estimate Type Maturity Fermilab OPSS guidance
. . Code (% of base cost)
maturity, vendor prices, labor e o o i ;
. Level of effort / Support / Oversight L2/M2 0-20
estimates i is -z
L4 25-40
Preliminary
M4 20-40
o ' ' T 1 d Conceptual L5/M5 40-60
Estimate uncertainty is estimate D -H i
[ L] Pre- 1-U k /
per activity as % of base cost oot il
Beyond state of the art L8/M8 >100

» Follow guidance from Fermilab Office
. . Cost-weighted estimate maturity
Of PrOJeCt Support SerVICGS HL-LHC CMS Detector Upgrades Project

5 L1/M1 (Actual)

= Estimate uncertainty = $27.3M

(25.6% of base cost to go®)
IPR (June 2018): EU= $34.6M (29.8% of c.t.g.)

L2/M2 (LoE & support)
L3/M3 (Advanced)

M L4/M4 (Preliminary)

[ L5/M5 (Conceptual)

* Not including risk-based contingency (see later slides)
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Project Cost Drivers®

Labor M&S Total
Labor -

CMS Driver BAC BAC BAC

(FTE-yrs) (M$)  (M$)  (M$)

OT.5 - Produce and test modules 57.3 8.6 1.5 10.2
CE.3 - Si sensors purchase (M&S) 0.0 0.0 1.1 7.7
PM - Project Controls and Finance 19.2 6.6 0.3 6.9
PM - CMS Common Fund (DOE) 0.0 0.0 5.8 5.8
OT.3 - Procure Sensors 0.0 0.0 4.5 4.5
PM - Project Management 10.0 3.9 0.0 3.9
OT.5 - Module mechanics 2.2 0.3 3.0 3.3
TL - ETL ASIC Development 12.5 1.8 1.3 3.2
OT.5 - Procure hybrids 0.0 0.0 3.2 3.2
OT.5 - Establish / maintain module assembly site 5.0 0.7 2.1 2.8
CE.7 - Concentrator ASIC (labor) 9.7 2.8 0.0 2.8
CE.5 - Silicon motherboard (M&S) 0.0 0.0 2.5 2.5
OT.4 - MaPSA purchase and testing 2.3 0.1 2.3 2.4
CE.5 - Cassette assembly and testing (labor) 15.9 2.4 0.1 24
OT.6 - Plank and Ring mechanics 11.2 1.7 0.6 2.4

PM = Project Management OT = Outer Tracker CE = Calorimeter Endcap TD = Trigger and DAQ TL = Timing Layer

* Some subjectivity in how items are grouped * BAC = Budget at Completion (=direct + indirect + escalation)
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CMS-doc-13215
Cost Summary CMS-doc-13481

HL-LHC

= Total Cost = $162.03M (= Base Cost + Estimate Uncertainty + Risk)

M&S Lab isk
HL-LHC CMS o N
Total
isk
Ll 0550 | gy | s |0 ) 8550 |y |y | Conge| (M9
Project ost | 1) | (m$) : 02| (M) | (M$) | gency

(MS) years) | years) | (MS)

(M$)
402.1 PROJECT MANAGEMENT 6.92 | 0.63 | 7.55 1.8 34.0 |12.36| 0.99 |13.35| 0.00 20.90

402.2 OUTER TRACKER 23.84 | 6.06 | 29.90 | 100.6 | 112.6 | 19.03 | 3.83 | 22.86| 3.58 56.34
402.4 ENDCAP CALORIMETER 23.62 | 6.03 |29.65( 83.5 | 104.6 | 17.06 | 4.11 | 21.17| 3.44 54.25

402.6 TRIGGER AND DAQ 445 | 1.37 5828 303 | 305 | 4.63 | 1.07 5708 01 12°63
402.8 TIMING LAYER 785 | 146 | 9.31 | 50.8 375 | 486 | 1.77 | 6.64 1.95 17.90
Total Cost 66.69 | 15.54 | 82.23 | 266.9 | 319.3 | 57.95 | 11.77  69.72 | 10.07 | 162.03
Funding Guidance 162.05
2018-10-07cost-rollup—CD1-v2.xisx Note: Base Cost = Direct + Indirect + Escalation

Last updated: Lucas Taylor 2019-10-15
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HL-LHC

Cost Summary — KPPs

CMS-doc-13215
CMS-doc-13481

= Threshold KPPs = Main construction deliverables ($147.19M)

= Objective KPPs = Technical scope options
+ Integration & Commissioning ($9.72M)

Total

= Threshold KPPs +

HL-LHC CMS Objective KPPs
Upgrades T-KPP  O-KPP| Total
Project

(M$)  (MS$) | (M$)

402.1 PROJECT MANAGEMENT | 19.24 1.65 | 20.90
402.2 OUTER TRACKER 52.36 3.98 | 56.34
402.4 ENDCAP CALORIMETER 4895 5.30 | 54.25
402.6 TRIGGER AND DAQ 10.16 2.47 | 12.63
402.8 TIMING LAYER 16.47 1.43 | 17.90
Total Cost 147.19 14.84 | 162.03
Funding Guidance 162.05

2019-10-15--cost-rollup--CD1-v2 .xlsx
Last updated: Lucas Taylor 2019-10-15

($5.11M)

Includes all the costs
—p for the threshold and
objective KPP scope

DOE CD-1 Review
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HL-LHC

Cost Summary — Contingency

CMS-doc-13215
CMS-doc-13481

= Contingency (= Estimate Uncertainty + Risk) = 35.1% of cost-to-go

Total

HL-LHC CMS = Work done + Cost to go + Contingency
Upgrades Work Cost Contingency o)
Project done togo = EU + risk (MS$)

(M$)  (M$) |(MS$) (% CTG)

402.1 PROJECT MANAGEMENT 3.13 16.15 1.61 10.0% J 20.90
402.2 OUTER TRACKER 786 35.01 § 13.47 385% | 5634
402.4 ENDCAP CALORIMETER 5.28 35.39 | 13.58 38.4% | 54.25
402.6 TRIGGER AND DAQ 1.30 7.78 3.54 45.5% | 12.63
402.8 TIMING LAYER 0.54 12.18 5.18 42.5% ] 17.90
Total Cost 18.12 106.52 | 37.39 35.1% [162.03
Funding Guidance 162.05

2019-10-15---cost-rollup---CD1-v2.xlsx
Last updated: Lucas Taylor 2019-10-15

= Scope options = $5.11M (= $3.86M base cost + $1.25M EU)

= |f this base cost were used as contingency: Contingency = 40.2% of cost-to-go

DOE CD-1 Review Project Cost, Schedule, and Risk
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HL-LHC

Schedule

DOE CD-1 Review

Project Cost, Schedule, and Risk

Lucas Taylor, 22 October 2019
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HL-LHC

CMS CMS-doc-13321
Ez Resource Loaded Schedule (RLS) cwms-doc-13245

= RLS is built in Oracle’s Primavera P6, with strong support
from the Fermilab Office of Project Support Services

= RLS has 4692 resource-loaded activities

Activities cover: technical tasks, procurement, QA/QC, shipping, project
mgmt. and controls, finance, administration, travel, COLA

= Average Activity base cost = $26.6k

= Average Activity duration = 2.4 months (not counting LoE/support)

= 284 iCMS external milestones — not all influence US scope

= 785 technical milestones (9/month) to track future progress
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CMS

Milestones CMS-doc-13321

HL-LHC

= High level reporting milestones have 3-6 months of schedule contingency
relative to their technically-driven (T4) predecessors

= T2 milestones (x69) — owned by DOE and Federal Project Director
= T3 milestones (x137) — owned by Fermilab

= Technically-driven milestones are used to track technical progress for all
work done (by both costed and scientific labor)

= T4 milestones (x273) — owned by Project Manager
= T5 milestones (x511) — owned by L2 Manager or CAM

= External constraint milestones are used to align to the iCMS schedule
1. External things that are needed by the Project (e.g. funding, iCMS chips)
o These are predecessors (pre-requisites) to subsequent project work

2. Deliverables of the Project that are needed by iCMS
o These are successors to the project work that produces the deliverable
o Project maintains schedule contingency before the iCMS “need by” milestones
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HL-LHC

Example: Outer Tracker
high-level milestones

Milestones

CMS-doc-13321
CMS-doc-13245

03[04|01|02|03|o4|o1 ]02]03]04

T 2018
Q1]Q2[Q3[Q4[Q1[Q2[Q3[Q4 [Q1[Q2 [QF &y |

30-Sep-2019,

OE - CD- --Alternative Selection an

30-Nov-2020*, DOE - CD

For visual clarity, only a
selection of 2S module

batches milestones are
displayed. PS-S and PS-P
milestones are similar.

07-\Jun-2023 OT -DD- Deusuon Point Milestone forObjectlve Scope -iOT Batch 10 Ta

{ FLOAT — TiKPP-OT-1: OT. FLAT BARREL CONSTRUCTION COMPLETE —-TO —-CMS NEED B
28-Aug-2024 T4 - TKPP-OT-2: OUTER TRACKER MODULE CONSTRUCTION (9 BATCHES) C(

15- May-2020‘ DOE - CD-3A - Long lead procuréments - Receive ESAAB aPpto
01-Oct-2020, T4 - Flat Barrel Design! iCol

28- Oct 2020,, T4 - Dellvery of production 28 sensors starte!

i 16-Aug-202i,

Ready fOr CD- 3A1]02|03]Q4|Q1]02]03]04

T4 - Outer Tracker - Ready for CD-3! v :

CD-1
CD-3A ‘

p Ready for CD- 2

-2/3 -- Performance Baselinei- Receive ESAAB approv|

CD-2
26-Mar-2021, T4 - PlankiMechanics Prototype Comp /3
13-Apr-2021, T4 < Outer Tracker:- Ready for CDG *
14-Apr-20211, T4 - Lot 01 Productlon 2S Sensors Complete’
27-Apr-2021, T4 -Inner Ring Fabncatlon Complete *
22-Jul-2021, T4 - Middle Ring:Fabrication Complete *
i 13-Aug-2021, T4 - 2S module design validated ¢
, T4 - Start assembly of 2S preproduction modules*
i 01-Oct-2021, T4 - Outer Ring Fabrication:Complete *
22-Feb-2022, , T4 - Start assembly of 2S production modules ¢
: 04-Apr-2022, T4 - Inner Plank Fabyication Complete ¢
13-Jul-2022, T4 - 2S Module Productian Batch 01 Complete *
i09-Aug-2022, T4 - 2S Module Mechanics Complete ®
15-Aug-2022 T4 - Lo! 05 Production 2S Sensors Gomplete® i
i 24-Jan-2023, T4 - Inner Plank Mounting Complete‘
13-Feb- 2023 T4 - Mlddle Plank Fabri¢ation Complete ¢
08-| Mar 2023, T4 - Inner LayerAssemny Complefe ¢
01 -May-2023; T4 - 2S Modtile Production Batch 05 Complete,

d Cost Range - Receive ESAAB appro @

09-Oct-2020 T4 - Outer Tra cker - Ready forCD

Objective KPP
i 13-Jul-2023,:T4 - Middle Plank Mounting and Testing Cornplete d P
; 25-Aug-2023, T4 - Middle Layer Assembly Gomplete + A€CISION
06-Nov-2023, T4 : Module Hybrid 2S Production Complete®
15-Dec-2023, T4 - Lot 09 Production 2S Sensprs Complete*|
: 18-Dec-2023 T4 - Outer Plank Fabrication Complete
28—Mar 2024, T4 - Outer Plank Mounung and Testlng Compl
i 18-Apr- 2024 T4 - Lot 10 Production 2S Sensors Comp)
10- May -2024, T4 - Outer Layer Assembly Comp
26-Jun-2024, T4 - 2S Module Production Batch 09 Co|
26-Jul-2024, T4 - MaPSA Production Co

ste ¢
ete *
lete *
mplete*
i mplete *
: : H 06-Aug-2024 T5 - Flat Barrel Received AtCER
07-Aug-2024 T4 - T-KPP-O T-1: OUTER TRACKER FLAT BARREL CONSTRUCTION COMPLE

28-Aug-2024, THRESHOLD KF’F’ (T- KPP-OT')OUTER TRACKER CONSTRU CTION C(

Flat barrel complete i
Modules complete ( Batches #1—9) i
11.4 months of float to CMS need by date
Aug 2024: Threshold KPP complete

2024 T 2025 T 2026 T 2027 T 2028 T 2029 T 2030 T 70
Qi[Qz2[Q3[Q4 [@1][Q2[Q3[Q4[QT[Q2[Q3 [Q4|Q1[Q2[Q3[Q4 [Q1][Q2[Q3[Q4[Ql [@2[a3[Q4[Ql[Qz[Q3[Q4 [QT]QzZ]

+ Project milestone
2

— Schedule contingency

External constraint
(e.g. CMS need by date)

N.B. by design, all
the threshold KPPs
are de-coupled from
the LHC schedule

of float to CMS need by date

FLOAT - T-KPP-OT-2: OT MODULE CONSTRUCTION (@ BATCHES)COMPLETE TO - CMS NEED BY DATE 5.7 months
: FLOAT: - T-KPP-OT:OUTER TRACKER CONSTRUCTION COMPLETE TQ--CD-4 !
2024, T4 - O KPP OT-3: OUTER TRACKER PS AND 2S:MODULE CONSTRUCTION OF BATCH 10 COMPLEE

18- Dee—

20:| Feb 2025, CMS Need bydate for "OT all modules built' (6 months before "OT subdetgctors complete;
i 21-Jul2025, CMS - Need by date for "OT subdetectors completed" (5 months before "OT mstallaho
12-Dec—2025 OBJECTIVE KPP {(O-KPP-OT): OUTER TRACKER CONSTRUCTION AND NTEGRATION COM

Modules complete (Batch #10) ; '
Jul 2025: CMS need by date for T-KPP

Dec 2025: Objectlve KPP complete

FLOAT O-KF’P OT: OUTER TRACKER OB.ECTIVE KPP COMPLETE —-TO —-CD-4 "
: H 19 Dec-2025", CMS OT Instgllation (CMS Need by date) &
: 30-Sep-2027*| DOE - CD-4 -: Project Completion -

Recelve appronCD 4

DOE CD-1 Review

Project Cost, Schedule, and Risk
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CD-3A and CD-2 readiness milestones

HL-LHC

f 2018 2019 2020
'|A|S[O|N|D|J|F[M|A|M|J| J[A[S[O|N|D[J[FIM[AIM[J[J]A] [N[D[J|F[M|A|M|J[J|A[S|[O[N|D|J|F[M|A
: T4 - Outer Tracker - Ready for CD-3A, 30-Sep-201 OT: Si and CF :

Ready for CD-3A‘
technically-driven

T4 - Calorimeter Endcap - Ready for CD3A (Technical), oz-.m-zoz@w milestones for OT,
: : CE and MTD

TL - Timing Layer - Ready for CD-3A, 03-Jan-202®_BTL: LYSO

Alternative Selection and Cost Range - Receive ESAAB approval, 27-Nov-201® CD'].

DOE - CD-3A -- Long lead procureménts - Receive ESAAB approval, 15—May-202é CD-3A (May 2020)

T4 - DAQ - Ready for CD-2/3, 15-Jun-202@

T4 - Calorimeter Trigger - Ready for CD-2/3, 15-Jun-202€®)

T4 - Correlator Trigger - Ready for CD-2/3, 15-Jun-202®
: Ready for CD-2

T4 - Calorimeter Endcap - Ready for CD2 (Technical), 11-Aug-202§8)=——— technically-driven
: milestones for

ETL - Ready for CD-2, 26-Aug-202d®)——— OT, CE, TD, MTD

Full details in
L2 breakouts

BTL - Ready for CD-2, 09-Sep-202d®)——

T4 - Outer Tracker - Ready for CD-2, 09-0ct-202®—

DOE - CD-2/3 -- Performance Baseline - Receive ESAAB approval, 30-Nov-202é CD'Z

(Nov 2020)
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HL-LHC

EZ Critical Path and Schedule Contingency

= RLS is technically-driven
= RLS respects CMS/LHC schedule and DOE profile

= RLS factorizes into seven almost independent L2/L3 areas,

with distinct critical paths = less schedule risk

(1) Outer Tracker, (2) Calorimeter Endcap, (3) Calorimeter Trigger, (4) Correlator
Trigger, and (5) DAQ, (6) Barrel Timing Layer and (7) Endcap Timing Layer

= To ensure we can deliver to CMS on time, we include
schedule contingency between

(1) Threshold KPP early finish date and the corresponding
(2) CMS “needs by” date

DOE CD-1 Review Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019



Critical Path and Schedule Contingency

Example: 402.2 Outer Tracker

2020 T 2021 T 2022 T 2023 2024 T 2025 2026 2027 2028 2029 2030
\Q4|Q1 [@2Ja3 a4 [alJa2[Q3 a4 [QlJe2[Q3][Q4 [Ql Qa3 a4 [l [Q2[Q3|Q4|Q1 |02|Q3lQ4|Q1|02 03|04|Q1 |02|03|Q4|Q1 |02|03|04|Q1 |02|03|Q4|Q1 |QZ|Q3|Q4|Q1|
xDOE CD-1--Atemative Selection and Cost Range - Receive ESAAB approval
\S-May 2020":DOE CD- 3A--L0ngleadprocuremems ReceNeESAABamrmal

28-0ct-2020* "§ CMS - OT - First Production PS-P Sensors available :
CERN deivers produttion PS-P sensors (Lot 01} LO n g Sh utdown 3 : _ : :
3(}Nov-2020"' D E - CD-2/3 - Performance Baseline - Receive ESAAB approval 3 . ] : - ..
CERN delvejs production PS-P sensorg (Lot 02) mmmm Critical path aCtIVIty

CERN delivers production PS- Psensors (Lot 03) : : : H .

CERN deivers production PSP sensors (Lot 04) : : : C— Schedule contingency

CERN delivers iproduction PS-P sensors (Lot 05) : .

Perforin process QC for productioh PS-P sensors (Brown) (LetOS) x External milestone
Perform process QC for groduction PS- P Sensors (B:rwm)(Lo! 06) (e.g. CMS need by date)

Perform process|QC for production PS-P sensors (Brown) (Lot 07) : :

Perform process QC for production ES-P sensors (Brown) (Lot 68)

Perform process QC for préducﬂon PS-P sensors (Bro:wn) (Lot 09)

ite production PS-P sensor$ with protons (Lot 09) M&S

jte production PS-P sensoré with protons (Lot 09) Labcf

Evaluate proton-irradiated producnon PS-P sensors (La 09)

IT5 - Lot 09 Production PS-| P Sensors Complete (Brown)

TS - Lot 09 Production PS- P Sensors Complete (Roch&ster)

Vendor assembles promcllcn MaP$SAs - Batch 09

Vendor delivers prodxctlon MaPSAs -Batch09 :

Testproduction MaPSAs(FNAL) Batch 09

Inspect MaPSA for PS production modliés (Brown) - Batch 09

est MaPSAfu PSproduction modul&s(Brown) Baich 09 Labor

erform mefchamcal assembly of PS préchciion modules (Brown) - EBatch 09 Labor

Track andiship PS production module$ (Brown) - Batch 09 Labor | i

Wire bond and encapsulate hybrids fer PS productjon modules (:Rulgers)- Batch 09 Labor

o \Vire bond and encapsulate hybrids fer PS productjon modules (Prlnceton) -Batch 09 Laboré
Mo d u | es Perform QC tests of PS production modJIes (Rutgers) - Batch 09 Labor ;

Fast- tesi hybrids for PS production modules (Pringeton) - Batch 09 Labor
Perform OC tests of PS production rnomles (Princeton) - Batch 09 Labor
Track a:ldshlp PS production mod:jles (Rutgers) - Batch 09 M$
Track ai]dshlp PS production mod;les (Rutgers) - Batch 09 Lai)a
-T KPP OT-1: OUTER TRACKER FLAT BARRELCONSTRUCTDN COMPLETE
FLOAT - T-KPP-OT-1: (T FLAT BARREL CONSTRUCTION COMPLETE —-T0--CMS NEED BYDATE
T4- PSEModuIe Production Batch 09 Complete
RESHOLD KPP (T-KPP-OT) OUTER TRACKER CO NSTRUCTION COMPLETE
- T-KPP-OT-2 OYTER TRACKER MODULE _IONSTRUCT}ON © BATCHES)COMPLETE :
. FLOAT|-— T-KPP-OT-é: OTMODULE CONSTRUCTION (9BATCHES) COMPLETE TO ---CMS NEED BY DATE
t —] FLOAT - T-KPP-OT. OUTERTRACKER CONSTRUCTON COMPLETE --TO - CD- 4
PIOT-3: OUTER MCKER PSAND 28 MQDULE CONSTRYCTION QF BATCH 10 COMPLETE ;
i ules built" (5 months before "OT :ubdetectots complete")

"OT subdetecias completed"” (5|months tzefore "OT instalation")

KPP (OKPP;OT): OUTER TRACKER CbNSTRUC‘HON AND INTEIGRATI()\I COMPLETE

KPP-OT. OUT;ERTRACKERO BJ ECTNE KPP COMPLETE---TO +- CMS NEED BY
: FLOAT — Ol KPP—OTOUTERTRACKEROBJECTIVE KPP COMPLETE ---TO — CD~4

Outer Trackef Threshold KPP:

Aug 2024: Flat Barrel construction complete
(11.4 months of float before CMS need by date) 27 Aug 2024\

Aug 2024: Module batches 1-9 construction complete ==
(5.7 months of float before CMS need by date)

18-Dec-2024 9
CMS need ®
by dates

Outer Tracker Objective KPP:
Dec 2025: OT construction and integration complete =

19-Dec-2025*

: CMS - OT Inftallation (CM$ Need by date)
i | 30-Sep-2027* "2 DOE;- CD-4 - Project Completiqn -Receive approval
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Schedule Contingency
<

Long Shutdown 3

CMS-doc-13237

>

2018 2019 2020 2021 2022 2023

| 4
2024 2025 20:

26 | 2027 2028 2029 2030 2031 2032

24]01 |oz|os|o4|o1 |oz[os|04|o1 |oz|os|o4[o1 |oz|os|o4|o1 |02|03[Q4|Q1 [az2]a3[ a4
i ' T4-T- KPP OT-1: OUTER TRACKER FLAT BARREL CONSTRUCTION COMPLETE, 07-

Outer
Tracker

THRESHOLD KPP (T-KPP-bT) OUTER TRACKER CONSTRUCTION COMPLETE, 2¢-

T4 - OLKPP-OT-3: OUTER TRACKER PS AND 25 MODULE CONSTRUCTION OF BATCH 10 COMPLE:
: OBJECTIVE KPP (O-KPP-OT): OUTER TRACKER CONSTRUCTION AND INT

T4 - T-KPP-OT-2: OUTER TRACKER MODULE CONSTRUCTION © BATCHES) COMPLETE, 2&-

o1|oz|g|o4Io1|oz|os|o4|o1|oz

Aug-20! g
FLOAT:-- T-KPR

FLOAT -- T-KPP-OT-2:

Q3[Q4[af[Q2][a3[Q4 Qi [Q2[a3[Q4 [af [@2[Q3[Q4[QT[Q2[Q3[Q4|Ql [@2[Q3[ad [QT[a2[Q3[a4[C
: ¥ No:ZZZ-TEMP : : ; ; :

-OT-1: OT FLAT BARREL CONSTRUCTION COMPLETE -- TO - EMS NEED BY DATE, 23~ 11.2 months

OT MODULE CONSTRUCTIGN (8 BATCHES) COMPLETE - TO - CMSNEED BY DATE, 118 5.7 months

1
TE, 1843ec-io
1 =

FLOAT - T-KPP-OT: QUTER TRACKER CONSTRUCTION GOMPLETE - TO ~ CD-4, 775

Calorlmeter
Endcap

EGRATION COMPLETE, 12-Dec-202
" KPP- CE 1): CALORIMETER ENDCAP CONSTRUCTION COMPLI:'I'E 31-Jan-2024 ¢ I

OBJECTIVE KPP (0-KPP-CE): CALORIMETER ENDCAP CONSTRUCTION AND AT

F——— FLOAT-- T-KPP-CE-1: CALORM
1 : H

ETER ENDCAP CONS'IJRUCTION COMPIETE TO--CMS NEED BY, 150 7.2 months

I +

FLOAT -- T-KPP-CE- 1 CALORIMETER ENDCAP CONSTRUCTION COMPLETE --TO--- CD-4, 924

T4 - T-KPP-TD-1: CALORIMETER TRIGGER CONSTRUCTION COMPLETE, 05-Jan-20

T4- T-KPP-TIJ-Z: CORRELATORi TRIGGER CONSTIRUCTION COMPLETE, 05-Jan-20

Tﬁggef
and

THRESHOLID KPP (T-KPP-TD)I TRIGGER CONSTIRUCTION COMPLETE, 05-Jan-2024

T :
EGRATION COMPLETE, 03—Apr-202®
1 H 8

) 5
:|L—' FL(DAT - T-KPP-TD-I: CALOR
> |

:F’ FLOAT T-KPP- mz CORRE]

>

METER TRIGGER CONFTleJCTION COMPLETE --- TO — CMS NEED BY, 189
i i : i
: o 3 i

LATOR TRIGGER CON$TRUCTION COMPLETE - TO — CMS NEED BY, 189
: I : :

9.1 months

9.1 months

DAQ

- J-KPP-TD-2: CORRELATOR TRIGGER INSTALLATION AND COMMISSIONING COMPLETE, 04
T4 O-KPP TD-1: CALORIMETR TRIGGER INSTALLATION AND COMMSSIONING COMPLETE, 04
T4- OKPP TD-3: DAQ INSTALLATION AND COMMISSIONING

OBJECTIVE KPP (O-KPP-TD): TRIGGERAND DAQ CONSTRUCTION AWSTALLATION

COMPLET 27- Jun—202

[ : ; : i
[ : : : :
1 FLOAT -~ T-KPP-TD: TRIGGER CONSTRUCTION COMPLETE - TO-- CD-4, 941
1 H H H H H

—
T—KPP TL1B: BARREL T]MING LAYER CONSTRUCTION COMPLEI'E 06-Mar-2021

T|m|ng
Layer |

T—KEPP-TL-1E: ENDCAI;D TIMING LAYER CbNSTRUCTDN COMF’LETE, 17-Apr2
THRESHOI_D KPP (T-KPP-TLI: TIMING LAYER CbNSTRUCTION COMPLETE, 17-Apr-2
O-KPP TLAB: BARREL TIMING LAYER CONSTRUCTION AND INSTALLATION COMPLETE 09- Jun—202

OBJECTIVE KPP (O] KPP-TL) TIMING LAYER CONSTRUCTION AND INSTALLATION
O-KPP -TL-1E:EN DCAP TIMING LAYER CONSTRUCTION AND INSTALLATION

COMPLEI'E 27- Jun 2025§
' .

1

3 ELOAT -} T-KPP-TL-1B: BARREL TIMING LA
] H H
b .

(=)

FLOAT - T-PP:
024 :

YER OONSTRUCTION DOMPLETE --TO-- CMS NEED BY, 229
I

FL-1E: ENDCAP TIMNdLAYER CONSTRUCTION COMPLETE -- TO CMS NEED BY 205

11.0 months

14.2 months

Threshold KPPs have

.,OMPLETE 09- Jm-Z
.,OMPLETEIOQ-JurrZOZS ¢

O Threshold KPP
QO objective KPP

FLOAT -~ T-KPP-TL-1 § M

6 — 14 months schedule
contingency before their

DOE - Cq4 PnoectCompIehon Recelvea

pproval, 3I°Sep'2027® CD- 4

CMS need by dates

3.1 years of schedule

contingency from
final T-KPP to CD-4

Note: float quantities from P6, PRA, and Excel may differ

1 by ~0.1 months due to different treatment of calendars
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Risk Analysis

and Contingency

DOE CD-1 Review

Project Cost, Schedule, and Risk
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CMS . Risk Management Plan
@ Risk Management CMS-d§c-13749

» Risk management addresses the effects of uncertainties on objectives

HL-LHC

» 70 Threats: negative risks — minimize probability and impacts
= 2 Opportunities: positive risks — maximize probability and impacts
= 5 Uncertainties: positive or negative — need to manage them

= We use Fermilab’s OPSS-supported risk process & tools Charge #5
= These are based on PMI's PMBOK and DOE 413.3b)

» Risk issues discussed weekly as required; full risk board meeting every 2-3 months

» Risk identification is carried out by CAMs, SMEs, L2s, PMs ...
» Risk workshops, brainstorming, WBS and RBS review
= Estimate risk probability and cost and schedule impacts

» Risk mitigations are pre-emptive actions in our base plans
= R&D, pre-production, QA/QC, multiple vendors, redundant facilities...

* Risk response plans use contingency to cope with residual risk
» |n extremis: don’t complete all the objective KPP scope - CMS-doc-13237

= Risk MC analysis aggregates the consequences of all risks
* |ncluding costs from standing army and escalation due to delays

DOE CD-1 Review Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019



Risk updates since DOE IPR (June 2018)

HL-LHC

The IPR was concerned that technical risk may be under-estimated, so we

systematically re-assessed all risks - Charge

3 workshops to review OT, CE, and TD risks, with external experts

= 402.2 Outer Tracker: New: OT Wire bonding problems, flat barrel damage; Updated: OT
C-foam, sensor quality, QC sites, mechanics vendor; Standing army costs for module
assembly

= 402.4 Calorimeter Endcap: New: Need to accelerate production, Si motherboard
complexity. Retired: Cheaper p-on-n Si wafers; Non-delivery of Si sensors

= 402.6 Trigger and DAQ: New: Inadequate DAQ storage manager I/O performance

MTD internal risk workshop identified and analyzed 30 MTD risks

2 workshops with external experts reviewed / updated MTD risks

Review Fermilab Risk Breakdown Structure for missing risks (= extra slide)

Updated project wide risks

= Avyear has passed, so exchange rate, escalation, and OH risks are all
diminished. Transferred key personnel and contributed labor risks to L2.

DOE CD-1 Review Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019



Risk Register

Risk Register CMS-doc-13480

HL-LHC

» Risks are managed in Fermilab’s web-based Risk Register

Example risk: Charge #5

RU-402-1-01-D PM - Foreign exchange rates are uncertain (DOE)

Risk Rank: 3 (High) Scores: Probability: 5 (VH) ; Cost: 3 (H) Schedule: 0 (N)) Risk Status: Open

Summary: Future exchange rates are more or less favorable than the canonical value in the baseline plan resulting in a change in the cost to the project.

Risk Type: Uncertainty Owner: Steven C. Nahn

WBS: 402.1 PM - Project Management (DOE) Risk Area: External Risk / Market

Probability (P): 100% Technical Impact: 0 (N) - negligible technical impact

Cost Impact: PDF = 3-point - triangular Schedule Impact: PDF = 1-point - single value
Minimum =-6,600 k$ Minimum = N/A
Most likely =1,120k$ Most likely = 0.0 months
Maximum =9,420k$ Maximum = N/A
Mean =1,313.3k$ Mean =0 months
P*<Impact> =1,313.0k$ P *<Impact> =0 months

Basis of Estimate: The costimpact parameters are the result of a detailed scenario analysis. Historical exchange rate data were used to replay typical rate variations
(scenarios) and hence model potential future changes (typical percentage changes from quarter to quarter -- not absolute rates), as described
inCMS-doc-13481 and calculated in CMS-doc-11825. The risk uncertainty is applied to the amount of foreign costs per fiscal year (determined from
P6) throughout the project allowing for the fact that the uncertainty increases further into the future.

Cause or Trigger: Impacted Activities:

Start date: 1-Oct-2019 End date: 30-Jun-2026

Risk Mitigations:  The exchange rate uncertainty increases the further in the future the cost is incurred. Therefore the project will seek to advance foreign exchange
transactions where possible and consistent with the availability of funds. For example, it may be possible to front-load the payment of the CMS
common fund (in Swiss Francs) or procure silicon (in Yen) earlier than is absolutely needed (on technical grounds).

Risk Responses:  If the cost impacts are acceptable the risk response is to use contingency to cover the increased costs. For extreme exchange rate changes that
cannot be covered by contingency, work with the agencies to address the issue. In extremis, do not complete the objective KPPs if there are
insufficient funds.

More details: CMS-doc-13481
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Risk Analysis

HL-LHC

= CAMs estimate the probability
and cost & schedule impacts

= 1-point (single value)
= 2-point (flat range)
= 3-point (triangle function)

= Risks ranked using matrix
= Probability vs. Impact

= Project has 77 open risks
= 15 High rank (FPD & PM)
= 36 Medium (PM & L2s)
= 26 Low (L2s & CAMs)

Risk Management Plan

CMS-doc-13749

Probability | Mean

Min é ' Max
: —p Impact
Likely
(point
estimate)

HL-LHC CMS Upgrades
Risk Impact Scoring

Extremely
sub-standard or
KPP in jeopardy

Somewhat Significantly

Technical Impact sub-standard sub-standard

Cost Impact (0.1 -0.3) M$ (0.3-1)M$ >1M$

Schedule Impact

(1 - 3) months (3 - 6) months > 6 months

Maximum value of all impacts (above)
determines overall risk impact (below)

Medium
Impact

Risk ranking matrix

(Probability vs. Impact)

) nno - High High
Very High 64 - 100% Rank Rank
X oo - High High
High 39 - 64% Rank Rank
- oo Medium High
Medium 21 b Rank Rank
Medium Medium
Rank Rank
Low Medium
Rank Rank

DOE CD-1 Review Project Cost, Schedule, and Risk
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High ranked risks

Risk Register
CMS-doc-13480

Minimum Likely Maximum

RI-ID Title Probability Schedule Impact Cost Impact P * Impact (k$) P * Impact (months)
I Risk Rank : 3 (High) (15)

RU-402-1-01-D PM - Foreign exchange rates are uncertain (DOE) 100 % 0 months -6600 -- 1120 -- 9420 k$ 1,313 0.0
RU-402-1-02-D PM - Future escalation rates are uncertain (DOE) 100 % 0 months -2220 -- 1250 -- 2980 k$ 670 0.0
RU-402-2-01-D  OT - Uncertain performance of Hybrids vendor 100 % 0--2--12months 0 -- 168 -- 648 k$ 272 4.7
RT-402-8-01-D  ETL - Additional FE ASIC prototype cycle is required 40% 4--5--6months 500 -- 600 -- 700 k$ 240 2.0
RT-402-1-05-D  PM - Significant funding delay during project execution (DOE) 21% 0--0--9months  0--0-- 3339 k$ 234 0.6
RT-402-4-18-D  CE - Additional concentrator ASIC engineering (MPW) run is required 50% 6--7.5--9 months 164 -- 241 -- 385 k$ 132 3.8
RT-402-1-12-D  PM - Major import or export issue (DOE) 50% 1--2--4months 18 -- 136 -- 500 k$ 109 1.2
RT-402-2-91-D  OT - Shortfall in Outer Tracker scientific labor 30 % 0 months 0-- 0-- 1049 k$ 105 0.0
RT-402-4-01-D  CE - Additional FE ASIC engineering run required 25% 8 months 336 k$ 84 2.0
RT-402-8-30-D BTL - Concentrator Card requires significant design changes 50% 1--3--6months  40--135-- 175 k$ 58 1.7
RT-402-2-01-D  OT - Sensor quality problem during production 50% 2--3--6months 46 -- 79 -- 163 k$ 48 1.8
RT-402-2-46-D  OT - Problem with carbon foam vendor 25% 1--6--12months 23 -- 158 -- 396 k$ 48 1.6
RU-402-1-03-D PM - Future Fermilab overhead rates are uncertain (DOE) 100 % 0 months -1710 -- -30 -- 1820 k$ 27 0.0
RT-402-8-07-D  BTL - Concentrator Card delay in external component deliveries 50% 3--6--9months 50 k$ 25 3.0
RO-402-2-03-D OT - Module assembly can be automated 66 % -2 months -500 k$ -330 -1.3

» Standing army and escalation burn rate costs are included
In risk cost impacts — proportional to risk delays cMmS-doc-13481

DOE CD-1 Review

Project Cost, Schedule, and Risk
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Risk Analysis

Risk and Contingency Analysis CMS-doc-13481

HL-LHC

= Build risk MC model using Oracle’s Primavera Risk Analysis
* Imports the P6 resource loaded schedule and risk register

For each iteration of the risk MC: P6 RLS Risk Register
. , . Activities Risk description, owner,...
1. Risks do / don’t happen according to Schedule logic Risk probability
their estimated probability Milestones Impact: tech, cost, schedule
Fully burdened costs Standing army, escal’n burn
2. If arisk happens, choose cost and Activity-level uncertainties Mitigation &response plans

schedule impacts from p.d.f. e.g.

Mean i

PRA Risk Model

Full resource-loaded schedule
Uncertain costs and durations
I t Probabilistic risk events

> Impac Cost & schedule impact PDFs
Correlations and burn rates

Probability

3. Re-compute entire schedule allowing
for costs and delays of all risks

Repeat 1. — 3. for many scenarios

Probability distributions of project cost ;
and finish dates - determination of cost SRR (11 A 5
& schedule contingency LTI — B el

Probability-weighted mean cost impact (k$)

DOE CD-1 Review Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019



Risk Analysis
CMS-doc-13481

- 100% $171,672,289 Analysis

] 95% $163,335,160 Iterations: 10000
Results of risk - 1 e
. - 85% $161,158,898 Statistics
MC with full P6 M L 80% $160,375,079 Minimum: $145,834,871
sche dule an d B - T5% $159,720,532 Maximum: $171,672,289
800 - 70% $159,128,051 Mean: $157,123,818
. . L L 65% $158,594280 ~
stochastic risk E L ) e i
5 . oo susenr @
events é 600 - 55% $157,537,415 8 Highlighters
g _ M - 50% S1ST077.953 £ | Deterministic ($151,950,672) 9%
= [ 45% $156.504,79 § 70% $159,128,051
g - a0% $156,120,574 S [oo% $162,026,227
Z w0 5 [ 35% $155.614468 95% $163,335,160
L 30% $155,076,687
,/ - 25% $154,475,172
- 20% $153,856,866
200 - / [”
) L 15% $153,111,399
/| ﬂ L 10% $152,234,009
Vi | |H L 5% $151,074,01
0= L AININ ] e 0% $145,834,871

$150,000,000 $160,000,000 $170,000,000

Total Cost ($) '

Total Cost = $162.03 M (90% CL)
-- Base Cost $124.63 M (costto go = $106.52M)
-- Contingency $ 37.39M (35.1% of cost to go)

— Est. uncertainty $ 27.32M (25.6% of cost to go)

— Risk contingency = $ 10.07 M ( 9.5% of cost to go)

DOE Guidance $162.05 M
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Risk-based contingency

RU-402-1-01-D PM - Foreign exchange rates are uncertain (DOE)
RU-402-1-02-D PM - Future escalation rates are uncertain (DOE)
RU-402-2-01-D OT - Uncertain performance of Hybrids vendor
RT-402-8-01-D ETL - Additional FE ASIC prototype cycle is required
RT-402-1-05-D PM - Significant funding delay during project execution (DOE)
RT-402-2-11-D OT - MaPSA bump bonding cost increases
RT-402-4-18-D CE - Additional concentrator ASIC engineering (MPW) run is...
RT-402-2-10-D OT - Vendor cannot perform MaPSA qualification tests
RT-402-4-22-D CE - Additional production acceleration required
RT-402-6-03-D TD - I/O performance does not meet requirements (DOE)
RT-402-1-12-D PM - Major import or export issue (DOE)
RT-402-2-91-D OT - Shortfall in Outer Tracker scientific labor
RT-402-4-91-D CE - Shortfall in Calorimeter Endcap scientific labor
RT-402-4-04-D CE - Concentrator does not meet specifications
T-402-8-03-D ETL - FE ASIC does not meet specs - needs another pre-prod run
RT-402-4-01-D CE - Additional FE ASIC engineering run required
RT-402-2-09-D OT - MaPSA yield is lower than expected
RT-402-2-90-D OT - Key Outer Tracker personnel need to be replaced
RT-402-4-90-D CE - Key Calorimeter Endcap personnel need to be replaced
RT-402-6-06-D TD - Baseline FPGA does not satisfy requirements (DOE)
RT-402-4-02-D CE - Infrastructure failure at module assembly facility
RU-402-6-07-D TD - DAQ STMS 1I/0 performance does not meet requirements...
RT-402-8-91-D TL - Shortfall in Timing Layer scientific labor
RT-402-8-30-D BTL - Concentrator Card requires significant design changes
RT-402-2-23-D OT - Vendor is unable to produce sensors to specifications
RT-402-8-05-D BTL - Change in interfaces of tray assembly components
RT-402-2-46-D OT - Problem with carbon foam vendor
RT-402-2-01-D OT - Sensor quality problem during production
RT-402-8-46-D BTL - Problems with sensor gluing facility
RT-402-8-90-D TL - Key Timing Layer personnel need to be replaced
RT-402-6-02-D TD - Board or parts vendor non-performance (DOE)
RT-402-8-55-D ETL - Schedule delay in submitting ETROC2
RT-402-6-91-D TD - Shortfall in Trigger or DAQ scientific labor (DOE)
RT-402-4-23-D CE - Si Motherboard complexity is much higher than expected
RT-402-4-16-D CE - Cassettes damaged or lost in assembly, testing or shipping
RT-402-2-33-D OT - More preproduction modules needed
RO-402-8-01-D ETL - Use AltiRCilN
RO-402-2-03-D OT - Module assembly ciiliciaiiommanec

-1,000 -500 0 500 1,000 1,500 2,000 2,500

@ Common risks

iy

W Outer Tracker

M Calorimeter Endcap
W Trigger and DAQ

B Timing Layer

“Tornado” plot
showing the top
30 cost risks

Risk-based contingency
from all risks = $10.07M

$10.4M at IPR (June 2018)

..--llllllIIIII|||||IIIIUII

Risk Contingency (k$)
= Total contingency at 90% C.L. shared amongst risks pro-rata with (Probability * Cost Impact)
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= For base cost + estimate uncertainty
use AACEI / DOE* estimate classes

» Mapped to Fermilab maturity categories

» For risk-based contingency, range is
taken from the MC spread in risk cost

= Lower (70% CL) to higher (95% CL)

CD-1 Cost Range

Charge #3

Ch:"m-':;ﬂ”; tic Secondary Characteristic
DEGREE OF
EXPECTED
ESTIMATE | PO | e, METHODOLOGY | ACCURACY RANGE
CLASS Eor as % of eslimate ypical estimating me Tyucdhy;#amn mnl‘cl)wand
Capacity factored, .
Class § 0% to 2% s?::rﬁ?\t parametric models, h 58&’ :g ;ﬁ%?%
9 judgment, or analogy .
Study or Equipment factored or |L: -15% to -30%
0,
Class 4 1% 10 15% feasibility parametric models  [H: +20% to +50%
Budget Semi-detailed unit costs L -10% to -20%
o I - " . - K
Class 3 10% to 40% authorization or | with assembly level line H- +10% to +30%
control items
Control or Detailed unit cost with [L: -5% to-15%
Class 2 30% 10 70% bidftender | forced detailed take-off |H: +5% to +20%
Check estimate | Detailed unit cost with |L: -3% to -10%
Ciass 1 70%10100% | “ohigtender |  detailed take-off  |H: +3%to +15%
Notes: [a] The state of process technology and availability of applicable reference cost data affect the range markedly.

The +/- value represents

typical percentage variation of actual costs from the cost estimate after application of
contingency (typically at a 50% level of confidence) for given scope.

AAECI/ : i
Component Fermilab P.omt Low range of cost estimate Upper range of cost estimate
DOE - estimate
of cost Ele Estimate
estimate Class* Class (MS) Methodology* Methodology*
L1/M1 (Actual) o o o o - B
Class 1 L2/M2 (LoE) 47.09 6.5% (AACEI: -3% to -10%) | 44.0 9% (AACEI: +3% to +15%) | 51.3
Base cost
+ L3/M3 (Advanced) o L e ° . B
Estimate Class 2 L4/M4 (Preliminary) 74.47 10% (AACEI: -5% to -15%) | 67.0 | |12.5% (AACEI: +5% to +20%) | 83.8
Uncertainty
Class 3 [L5/M5 (Conceptual) | 30.39 -15% (AACEI: -10% to -20%) | 25.8 20% (AACEI: +10% to +30%) | 36.5
Risk-based . : :
. 90% C.L. from PRA risk MC 10.07 70% C.L. from PRA risk MC | 7.2 95% C.L. from PRA risk MC 114
contingency
CD-1 point estimate of TPC 162.03 CD-1 lower cost range |144.1 CD-1 upper cost range |183.0

* AACEI: Association for the Advancement of Cost Engineering International.

See: DOE G 413.3-21, Cost Estimating Guide, Section 4 and Appendix H.
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HL-LHC

Risk MC aggregates
delays stochastically in
the full P6 schedule

Risks will delay finish
by < 8.8 months at
90% confidence level

Plan has 11.4 months
of float before the CMS
need by date

T-KPP will finish before
the need by date at
97% confidence level

Will revisit schedule risk
when new LHC
schedule is known

Risk MC assessment of schedule contingency

Example: Outer Tracker — Flat Barrel construction

Multiple Projects (Post-mitigated) Analysis
-402.2-T-KPP-OT-1 - T4 - T.KPP-OT-1: OUTER TRACKER FLAT BARREL CONSTRUCTION COMPLETE : Finish | | terations: 10000
1800 100% 17-Jun-2026
95% 19-Jun-2025 =
1600 - ] 90% 01-May-2025 s'.a'.whcs
L 85% 31.Mar-2025 Minimum: 07-Aug-2024
L 80% 03-Mar-2025 Maximum: 17-Jun-2026
14004 10-Feb-2025 Mean: 12-Dec-2024
— | 70% 21-Jan-2025 Bar Width: month
12004 I 65% 03-Jan-2025 >
g I 60% 17-Dec-2024 § |Highlighters
= [ 9% 04Dec2024 § | heterministic (07-Aug-2024) 6%
- —  50% 20-Nov-2024 o
2 2 |70% 21-Jan-2025
% | ao% 30.0ct2028 g 90% 01-May-2025
0,
o00 | 35% 22.0ct2024 ©  |95% 19-Jun-2025
 30% 11-Oct-2024
 25% 01-Oct-2024
400
 20% 19-Sep-2024
/ H —‘  15% 09-Sep-2024
200 + r-’ - 10% 23-Aug-2024
1
| || || | | |D I 5% 07-Aug-2024
0 . ! : 1= 0% 07-Aug-2024
18-Nov-2024 23-Dec-2025
- Float to S\ - Delay due | Confidence
Finish CMS Finish - .
X CMS need torisk | level to finish
Results of schedule risk MC date need by date
by date (90% C.L.) | before CMS
(early) date (90% C.L.)
(months) (months) | need by date
Outer Tracker Flat Barrel
T-KPP-OT-1 ) 7-Aug-2024  21-Jul-2025 11.4 | 1-May-2025 8.8 97%
Construction Complete
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E ('M':ig

HL-LHC

Adequacy of schedule contingency

= In the baseline plan, L2/L3 areas have (5.8—-14.1) months
of float between the early finish and the CMS need by date

» Risk MC shows that risks will delay threshold KPP finish
dates by < (4.6 — 11.1) months at 90% confidence level

= | 2/L3 areas all finish
before CMS need by
dates at > 93% CL

= Except Calorimeter
Endcap which is 73% CL

= Will revisit schedule
risk when new LHC
schedule is known

Float to Delay due | Confidence
A e CMS need Al to :'lisk level to finish
Results of schedule risk MC date need by date
) S by date (90% C.L) (90% C.L.) | before CMS
¥ (months) °~"| (months) | need by date

Outer Tracker Flat Barrel

T-KPP-0OT-1 . 7-Aug-2024 21-Jul-2025 11.4 | 1-May-2025 8.8 97%
Construction Complete
Outer Module (9 Batches)

T-KPP-OT-2 . 28-Aug-2024 20-Feb-2025 5.8 | 17-Jan-2025 4.7 94%
Construction Complete
Calorimeter Endcap

T-KPP-CE . 31-Jan-2024 29-Aug-2024 6.9 |[12-Dec-2024 10.4 73%

Construction Complete
Calorimeter Trigger

T-KPP-TD-1 , 5-Jan-2024 1-Oct-2024 8.9 |28-Aug-2024 7.8 94%
Construction Complete
Correlator Trigger

T-KPP-TD-2 : 5-Jan-2024  1-Oct-2024 8.9 | 3-Sep-2024 8.0 93%
Construction Complete
Barrel Timing Layer

T-KPP-TL-B i 6-Mar-2023 1-Feb-2024 10.9 25-Jul-2023 4.6 99%
Construction Complete
Endcap Timing Layer

T-KPP-TL-E 17-Apr-2024 19-Jun-2025 14.1 |21-Mar-2025 11.1 97%

Construction Complete

Note: float quantities from P6, PRA, and Excel may differ
by ~0.1 months due to different treatment of calendars
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E(Mé
> Summary Charge #3, #5, #7

= M&S and labor costs have been estimated bottom-up by experienced teams for
all L2 areas — including Timing Layer — using vendor information, labor estimates,
labor rates, indirect costs, escalation, exchange rates, and estimate uncertainties

= Resource loaded schedule has been developed in Primavera P6 and aligned
with the CMS schedule — including schedule contingency to CMS need-by dates

= Risk and MC-based contingency analysis has been performed

Base cost = Direct + Indirect + Esc.= $124.63M

Estimate uncertainty =$ 27.32M
Risk-based contingency (90% C.L.)=$ 10.07M
Total Project Cost =$162.03M

= Cost, schedule, and risk documentation is as required by DOE 0413.3b

= We are ready for CD-1 approval and are well on the way to a CD-2 baseline
plan, which will enable us to deliver the project with high confidence consistent
with the CMS schedule and within the DOE cost guidance ($162.05M)
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Risk Identification

Risk Breakdown Structure

Risk Register
CMS-doc-13480

Technical

> ES&H 2 risks

Environmental, safety or health issues.

—> Requirements 6 risks

Requirements are poorly defined,
incomplete, late or continually evolving.
Requirements management process is
inadequate.

—> Complexity 3 risks

Excessive design changes, assembly or
commissioning problems. Workers
inadequately trained.

—> Interfaces 2 risks

Design errors or omissions at interfaces
within project or with external systems,
inadequate systems engineering, assumed
tolerances do not work in practice, scope
missing at interfaces.

—> Technology

Technology is poorly understood, does not
meet expectations, is not yet proven, or
cannot be commissioned.

—> Quality 7 risks

Flaws or inconsistencies of design or
manufacture. Pre-production (/production)
quality is worse than prototype (/pre-
production) quality. QA/QC process is
inadequate or requires excessive time or
resources..

—> Reliability / Performance

Components perform worse after assembly
or commissioning. Systems do not meet
requirements due to unforeseen technical
issues. As-built systems have H
commissioning issues. 6 rISKS

v

Management

—> Planning 1 risk

Scope, cost, and schedule incomplete or does
not match needs. Assumptions are incorrect.
Schedule logic is incomplete or wrong. Planning
for stakeholder communications, HR, risk, or
procurement is inadequate.

—> Estimating

Cost or activity duration estimates are
inaccurate, unrealistic, or do not reflect design
maturity. Modeling of risks and associated cost
and schedule contingency is inadequate.

—> Funding / Resources 10 risks

Funding is inadequate or mismatched to time
profile of needs. Required personnel are not
available to the Project. Labor disputes. Off
project non-personnel resources not available.

—> Controlling 1 risk

Scope creep. Configuration is not well
established and controlled. Excessive change
control. Deficiencies in the system engineering.

—> Communications

Stakeholders not all identified. Communications
needs not well defined or poorly executed.
Cultural issues. Inadequate tools or processes to
support project tracking, reporting and reviews.

—> Logistics 3 risks

Poor management of supply chains, within
Project or external. Loss, damage or delays in

+ 4 risks in
multiple areas

External

> Collaborators 4 risks

Partners within the Project (e.g. Universities or
Labs) fail to deliver. Problems with International
partners (Agencies, Labs, Scientific
Collaborations, Universities, Industry).

—> Facilities 8 risks

Expected facilities are unavailable or inadequate
(e.g. test beam, laboratories, IT resources).
Facilities are damaged or otherwise compromised
(e.g. IT security violation).

—> Market 3 risks

Economic factors such as foreign currency exchange
rates, escalation, or commodity prices (e.g. metals,
energy, chemicals, construction materials and labor,
etc.). Limited availability for specialist materials or
items. Geopolitical shocks to specific markets.

—> Regulatory 1 risk

ES&H regulations. Construction permits and
regulations. Financial compliance. IP. Import/
export controls. Labor laws. IT security and
personal data protection.

—> Vendors 15 risks

Inadequate planning of procurements. Limited
choice of vendors for specialist materials or
services. Scope change after contract placed. Cost
increases on cost-reimbursable contract. Vendor
production problems, delivery schedule, quality
and disputes. Vendor problems or failure.

transit. Customs and excise. Unforeseen storage
needs. Unavailability of logistical resources
(storage, transport, lowering equipment, etc.).

—> Experience / Capability 1 risk

Management, technical or other personnel lack
required skills. Critical skills scarce on the
market. Key technical capabilities are not
available, within budget and schedule.

—> Public Impact

Inadequate consultation, communication and
engagement with public stakeholders (local
communities, general public, and local, state or
national government). Failure to address concerns.
Loss of reputation. Genuine or perceived risks to
the community (e.g. environmental). Insufficient
support for the science case.

DOE CD-1 Review

Project Cost, Schedule, and Risk

Lucas Taylor, 22 October 2019



